ABSTRACT: Cellular transfection of nucleic acids is necessary for regulating gene expression through antisense or RNAi pathways. The development of spherical nucleic acids (SNAs, originally gold nanoparticles functionalized with synthetic oligonucleotides) has resulted in a powerful set of constructs that are able to efficiently transfect cells and regulate gene expression without the use of auxiliary cationic cocarriers. The gold core in such structures is primarily used as a template to arrange the nucleic acids into a densely packed and highly oriented form. In this work, we have developed methodology for coating the gold particle with a shell of silica, modifying the silica with a layer of oligonucleotides, and subsequently oxidatively dissolving the gold core with I 2 . The resulting hollow silica-based SNAs exhibit cooperative binding behavior with respect to complementary oligonucleotides and cellular uptake properties comparable to their gold-core SNA counterparts. Importantly, they exhibit no cytotoxicity and have been used to effectively silence the eGFP gene in mouse endothelial cells through an antisense approach.
R ecent work has shown that spherical nucleic acids (SNAs), structures consisting of linear nucleic acids that are highly oriented and densely packed on the surface of a spherical nanoparticle (NP), exhibit the ability to efficiently enter cells without a transfection agent. 1, 2 This is in contrast to free linear nucleic acids, which generally require a cationic moiety to neutralize their negative charge to pass through the cellular membrane. 3 However, these cationic lipids and polymers often display cytotoxic effects at high concentrations and the inability to be degraded biologically. 4−6 SNA-NP conjugates thus provide a unique platform for internalizing large quantities of nucleic acids into cells under mild conditions that can subsequently be used for intracellular detection 7 and gene regulation. 1 Thus far, we have shown that scavenger receptors mediate the cellular entry of SNAs 8 and cellular uptake is dependent on the density of nucleic acids on the nanoparticle surface. 9 Furthermore, SNA-NP conjugates have a unique set of properties that are advantageous for intracellular applications, including high binding coefficients for DNA that is complementary and RNA, 10 nuclease resistance, 11 and minimal immune response. 12 With respect to cellular internalization and activity, these observations are all based upon the hypothesis that the unique properties of the SNA architecture stem from the oligonucleotide shell and the density and orientation of the nucleic acids that comprise it as opposed to the nanoparticle core. Importantly, we recently demonstrated a synthetic route for making hollow SNAs by cross-linking oligonucleotides on the surface of gold nanoparticles and subsequently dissolving the gold particle template. Consistent with our hypothesis, these structures are capable of cellular internalization and gene regulation via antisense and RNAi pathways. 13 The hollow structures are attractive, especially if one is concerned about the long-term toxicity of the gold nanoparticle core. 14−16 The disadvantage of the approach is that specialty oligonucleotides capable of cross-linking are required, and at present, they are prohibitively expensive. These observations pose the challenge of identifying other chemical routes to hollow SNA structures that possess similar properties to those derived from gold particles and perhaps offer even greater capabilities.
Herein we report a new class of core-free SNA conjugate consisting of a biocompatible porous silica shell. By using a silica-coated gold nanoparticle as a template, we can easily functionalize it with nucleic acids using a wide variety of coupling strategies and relatively simple and readily available coupling molecules. Significantly, the silica shell acts as a crosslinked scaffold to assemble oriented oligonucleotides with a porous architecture that allows one to chemically dissolve the gold core. The hollow silica SNAs maintain the unique properties of the SNA gold nanoparticle conjugates 2, [7] [8] [9] [10] [11] [12] [13] 17 and exhibit the ability to be internalized by cells without a transfection agent and efficiently knock down a target mRNA sequence. Moreover, silica is an attractive material from a biological perspective since it is known to degrade into bioinert silicic acid under physiological conditions. 18 Previous studies of porous silica nanoparticles have shown a degradation rate of approximately 15% per day in a cellular environment. 19 In principle, these new SNA conjugates should degrade over time and release active oligonucleotides.
To prepare the silica (SiO 2 ) shells, 13 nm citrate-stabilized gold nanoparticles (Au NP) were synthesized to serve as sacrificial templates. 20, 21 The Au NPs were passivated with a short poly(ethylene glycol) (PEG) chain containing a thiol functional group on one end and a carboxylic acid on the other (SH-(CH 2 ) 11 -(EG) 6 -OCH 2 −COOH) and redispersed in ethanol. The Au NPs were directly coated with a thin layer (∼15 nm) of silica using an ammonia-catalyzed hydrolysis of tetraethyl orthosilicate (TEOS) and subsequent condensation of silicic acid to give a network of tetrahedral SiO 4 units with shared vertices. 22 The thickness of the silica shell can easily be controlled by changing the relative concentrations of Au NPs, water, ammonia, and silicon alkoxide in the reaction. 23 The resulting Au core-silica shell (Au@SiO 2 ) particles were heated at 60°C for 24 h to ensure a homogeneous silica shell (see experimental details in the Supporting Information). 24 To achieve a dense layer of DNA on the silica shell surface, the heterobifunctional cross-linker p-maleimidophenyl isocyanate (PMPI) was used since cross-linkers with amine-reactive isocyanates have demonstrated improved retention of maleimide activity compared with NHS-ester based linkers. 25 The Au@SiO 2 NPs were first derivatized with (aminopropyl)-triethoxysilane (APTES) and subsequently activated with amine-reactive PMPI to introduce thiol-reactive maleimide groups. 25 The addition of DNA oligonucleotides designed to target an mRNA sequence coding for enhanced green fluorescent protein (eGFP) with terminal propylthiol groups (3′SH(C 3 H 6 )-AAAAAAAAAAGGTGTTCAAGTCGCA-CAGGC5′), followed by the slow addition of NaCl to 0.3 M, led to the formation of polyvalent Au@SiO 2 particles with a loading of ∼75 strands per particle. Upon selective oxidative dissolution of the Au NP core with I 2 , hollow SiO 2 SNAs are formed ( Figure 1) . Finally, the silica SNAs were dialyzed overnight against water to remove I 2 remaining in solution.
The ability of I 2 to oxidatively dissolve the gold core indicates that the silica shells remain porous through the heating and DNA functionalization steps. The Au@SiO 2 and gold-free SiO 2 particles were characterized by scanning transmission electron microscopy (STEM) in scanning, z-contrast, and transmission modes ( Figure 2A −C and D−F, respectively). Indeed, the microscopy images indicate that the Au NP cores are entirely dissolved upon the addition of I 2 and a hollow interior remains. Importantly, the silica shells remain as discrete particles and maintain their structure upon dissolution of the gold core, a conclusion also verified by dynamic light scattering (DLS). Initially the Au NPs had an average hydrodynamic radius of 17.3 ± 0.8 nm. After the deposition of the silica shells onto the Au NP templates, this value increased to 47.7 ± 10.1 nm. Upon functionalization with DNA using APTES and PMPI, the final hydrodynamic radius was measured to be 85.8 ± 16.4 nm. It should be noted that the DLS measurements of the hydrated particles are slightly larger than the diameters of the dry particles measured with electron microscopy. 26 However, the trend in the DLS data is indicative of growth at each step in the synthesis without the formation of large aggregates. The synthesis of the silica SNAs was also monitored with UV−vis spectroscopy ( Figure 3A) . The UV−vis spectra reveal that the Au@SiO 2 particles exhibit a distinct absorption at ∼530 nm that is characteristic of dispersed gold nanoparticles albeit slightly red-shifted compared to Au NPs due to the increase in the dielectric constant of the silica shell. 27−29 After the addition of I 2 , the absorption band at 530 nm is no longer present, consistent with the removal of the Au core.
Previously, we have shown that SNAs, when hybridized with complementary oligonucleotides, exhibit narrow melting transitions compared with free DNA strands due to a high degree of cooperative binding. 30 This phenomenon is also observed for hollow SNAs consisting of cross-linked nucleic acids. 13 Due to the layer of highly oriented oligonucleotides on the surface of the silica shells (∼75 DNA strands per particle when salted to 0.3 M NaCl, determined by the OliGreen Assay), it was hypothesized that both the Au@SiO 2 particles and the hollow silica SNAs would exhibit cooperative binding behavior as well. Upon the addition of a self-complementary linker strand that binds to the oligonucleotides on the silica surface, the particles formed visible aggregates, which were then dehybridized by slowly increasing the temperature. As shown in Figure 3B , the aggregated SiO 2 particles exhibit a sharp melting transition (fwhm of the derivative = ∼2°C), indicative of cooperative behavior. 2 Once it was confirmed that the Au@SiO 2 and core-free SiO 2 SNAs retain the cooperative binding properties of Au NPs densely functionalized with nucleic acids, the ability of these particles to be transfected into cells and facilitate gene regulation via the antisense pathway was investigated. To qualitatively access the cellular uptake of the SiO 2 SNAs, particles with and without the Au NP core were functionalized with Cy5 dye-labeled anti-eGFP DNA oligonucleotides. The particles (5 nM) were then incubated overnight with C166 mouse endothelial cells stably expressing the eGFP gene. It is important to note that no cationic transfection agent was included during the incubation step. The C166 cells were washed, fixed, and imaged by laser scanning confocal microscopy. As shown in Figure 4A , both the Au@SiO 2 and the hollow SiO 2 particles are taken into the cytoplasm of the C166 cells. The mechanism of cellular uptake of SNAs has previously been demonstrated to involve receptor-mediated endocytosis 8 and stems from the dense, highly oriented layer of nucleic acids. 2 It is therefore hypothesized that a similar mechanism applies for the DNA functionalized Au@SiO 2 and hollow SiO 2 particles. Note that neither of these particles enter the nuclei of the cells because of their size. Images of planes collected at various depths within the cell samples (z-stack) further confirmed cellular uptake (see the Supporting Information).
The silica-based SNAs were next evaluated for their ability to regulate target genes. Au@SiO 2 particles, hollow SiO 2 particles, and Au NPs were functionalized with anti-eGFP DNA oligonucleotides and incubated (5 nM) with C166 cells stably expressing eGFP. Particles functionalized with nontargeting scrambled DNA oligonucleotides served as a negative control. The cells were then collected, lysed, and analyzed for their eGFP mRNA levels by quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR). mRNA levels of cells treated with anti-eGFP Au@SiO 2 particles and core-free SiO 2 shells were significantly reduced by 68% and 50%, respectively, when compared with those treated with scrambled "nonsense" DNA particles ( Figure 4B) . Importantly, the amount of knockdown is comparable to that observed with DNA functionalized Au NPs (∼52%). Furthermore, the Au@ SiO 2 particles and hollow SiO 2 SNAs were shown to exhibit low cytotoxicity toward C166 cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. As indicated in Figure 4C , cells treated with the targeted and nontargeted DNA oligonucleotides for 8 h showed up to 95% viability compared with a nontreated control. Taken together, these data suggest that this new class of core-free SNA retains the unique properties of the Au NP SNAs, including efficient cellular uptake without the need for conventional cationic transfection agents, a high capacity for gene regulation, and low cytotoxicity.
The present work describes a simple, scalable, and biocompatible SNA construct that serves to confirm our hypothesis that the emergent properties of SNAs are a result of the layer of oriented oligonucleotides and not the inorganic nanoparticle core. The use of silica as the cross-linking reagent makes this construct extremely versatile; the thickness and porosity of the silica shell is tunable with reaction conditions, and many well-established coupling chemistries including EDC/NHS-ester, 31 copper-catalyzed 32 or copper-free 33 click chemistry, and reductive amination 34 can be utilized to achieve a densely packed, oriented nucleic acid shell. Additionally, there are potential benefits of a hollow architecture including tunable degradation profiles and the ability to load the hollow interior with biologically relevant molecules or drugs. Indeed, these novel core-free SiO 2 SNAs represent a new class of SNA that shows promise for a wide range of intracellular gene regulation ■ ASSOCIATED CONTENT
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